Introduction
One striking feature of orchestral brass instruments is that the timbre is strongly dependent on dynamic level. At the loudest levels, the sound becomes distinctly 'brassy' or 'cuivré'. This dramatic effect occurs due to a marked increase in the energy levels of the higher harmonics 1, 2 , and brass musicians commonly use this timbral change as a form of musical expression. It is interesting to note that the effect is more dominant in some instruments than others; for instance, the trombone is generally considered to be 'brassier' than the euphonium.
Musical tones are generated in brass instruments as a result of the self-sustained oscillation of the lips of the player 3 . Air flows from the lungs of the player into the mouthpiece of the instrument via the lips, which act as a valve modulating the airflow. This paper describes an experimental study of brass instrument playing at high dynamic levels, and examines the the relationship between changes in the nature of the lip motion and the development of 'brassy' timbre.
It is now generally acknowledged that the onset of the brassy regime is primarily a result of the non-linear propagation of the acoustic wavefront along the bore of the instrument, as clearly demonstrated by Hirschberg et al 2 . When high amplitude pressure oscillations are generated by the lips, the leading edge of the pressure wave steepens as it progresses through the bore of the instrument. If the air column of the instrument is sufficiently longand the amplitude of the oscilations high enough-then the pressure rise becomes nearly instantaneous. This 'shock-wave' formation gives rise to an increase in the higher frequency components in the tone which is produced. 4 It has also been suggested by some researchers that the degree to which the lips can open becomes 'saturated' or 'clipped' during extremely loud playing as the movement of the lips becomes constrained by the rim and cup walls of the mouthpiece [5] [6] [7] . This effect, if present, showed that the open area between the lips did not behave purely sinusoidally 9 . In fact, the 'closing' phase of the lip motion took longer than the 'opening' phase. This effect was more pronounced in large amplitude playing.
Experimental method
Three musicians-skilled amateurs with many years playing experience-were asked to sound pairs of notes at the same pitch but differing dynamic levels: one clearly 'brassy' to the ear of the player and the other 'non-brassy'. The sound radiated from the bell of the instrument was captured using a Brüel and Kjaer 4192 microphone at a distance of one bell radius. A PCB 106B pressure transducer, with probe attachment, was inserted into the mouthpiece to capture the pressure waveform at the input of the instrument. The setup for the horn can be seen in figure 1 (left).
In order to allow optical access to the lips, transparent mouthpieces, as developed by Bromage 10 , were used (figure 1 (right)). The key acoustic properties of the mouthpieces (throat, shank, cup volume and rim dimensions) were based on current production designs in order to ensure that the mouthpieces are both realistic and comfortable for the player.
The motion of the lips was captured by a Phantom v.4 high speed digital camera recording at 6000 frames per second. At this speed, a strong light source is required and so a Schott KL1500 model cold light source was used to illuminate the lips. The captured footage was then split into a series of numbered greyscale bitmaps, one for each frame. 
where F i is the frequency of the i th harmonic and A i represents the amplitude of that harmonic.
The spectral centroids for both the mouthpiece pressure and the radiated sound during both brassy and non-brassy playing are shown in Table I for two notes recorded on the tenor trombone and for two recorded on the horn. For the note B 3 on the trombone, in the case of non-brassy playing, the spectral centroid increases from 304Hz in the mouthpiece to 716Hz in the radiated sound-an increase by factor 2.3. In the case of brassy playing, the centroid increases from 369Hz to 1816Hz, an increase by factor 4.9. The spectral centroid of the sound recorded in the mouthpiece increased by a factor 1.2 in the transition from non-brassy to brassy playing. In contrast, the ratio between the radiated spectral centroids is much larger-a factor of 2. 
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A previous study, by Bromage 10 , found that the width of the lip opening increased quickly in the early part of the vibration cycle, and then remained at a constant value for much of the rest of the cycle. For louder notes, the width was constant for a greater proportion of the cycle than for quieter playing. However, it is the lip open area which is the primary variable by which the airflow into the instrument is controlled. From figure 4 it is immediately clear that the brassy/non-brassy pairs behave very similarly with respect 
